Abstract. Materials required for precast fabrication are dissimilar to those cast at construction sites. Fabricators who lack materials must wait until specific suppliers deliver the required materials. The objective of this study is to reduce total material management costs in the supply chain system through the most advantageous transshipment strategies. A material supply chain framework that enables fabricators to implement lateral transshipment is first proposed. Transshipment strategies are then formulated into a mathematical model. The most advantageous transshipment strategies are analyzed using computer simulation. Diverse order lead times, demands, transportation costs, and shortage costs are simulated to approximate operational conditions encountered in supply chain systems. Through various experiments, the most advantageous strategy for precast fabrication industry can be found. In addition, four rules are developed based on simulation results to enhance transshipment decision making. This research is one of the pioneering studies applying lateral transshipment to precast production management.
Introduction
Precast fabricators strive for business success by delivering products on time. This goal cannot be achieved without flexible and sufficient material supply (Ko, Ballard 2004) . Precast fabricators make material plans primarily depending on experience (Ko, Wang 2011; Blakemore, Konda 2010) . This unsystematic manner in which plans are made depends on the subjective recognition that material requirements cannot be appropriately targeted for production (Tah, Carr 2001; Vollmann et al. 2004) . Material supply has become one of the key issues to enhance company competitiveness (Yeo, Ning 2002; Im et al. 2009 ).
Precast component design differs from regular structures. Material and accessory parts for precast fabrication are thus dissimilar to those cast at a construction site (Hanlon et al. 2009 ). Due to special size and dimension requirements, precast materials are difficult to dispatch when fabricators lack materials. Currently, fabricators must wait for the required materials until a specific supplier delivers them to the precast factory. Construction projects are tremendously costly. A tardiness penalty occurs when precast fabricators cannot deliver elements to the construction site on time (Ko 2006; Sambasivan, Soon 2007) , also causing business reputation to deteriorate due to late deliveries.
Precast material specifications vary with construction projects. The lead time for ordering materials is longer than that required in regular manufacturing. Precast fabricators must preorder materials before confirming the shop drawing, otherwise, production cannot begin until the materials are acquired (Ko 2011) . This scenario extends production makespan and increases the risk for late delivery. Because fabricators preorder material before confirming the shop drawing, they adopt a frequent order strategy that uses small batch sizes to avoid over ordering (Oyetunji, Anderson 2006) . Unfortunately, uncertainties in material availability and order lead time frequently result in late material delivery, thereby extending production makespan and increasing the risk for late delivery (Im et al. 2009 ). The other challenge encountered while making material plans is variations in the material consumption rate, which increases the risk for material shortage (Shu 2001) . One possibility for reducing these risks is adopting strategic cooperation among precast factories. Material lateral transshipment is a strategic cooperation that transships materials from manufacturing plants that have sufficient supplies to others starved for materials. Several studies have pinpointed that lateral material transshipment is efficient and effective in reducing inventory levels, holding costs (HCs), and late delivery risks (Axsäter 1990a, b; Herer, Tzur 2001 .
Previous researches have proven material sharing to be a promising way to provide fabricators with a flexible material supply, especially for industries that manufacture with special materials (Verma, Agarwal 2005; Burton, Banerjee 2005; Lee et al. 2007 ). Herer and Tzur (2003) focused on investigating dynamic supply chain issues. Their research found that dynamic multi-supply is a deterministic problem solvable in polynomial time. Axsäter (1990a) and Tagaras (1999) proposed lateral transshipment models for retailers through material sharing. However, the transshipment models developed by these two studies ignored transshipment lead time and transportation costs (TCs), which is inappropriate for an industry with long lead time and high TCs, such as the precast concrete industry. Banerjee et al. (2003) analyzed retailer inventory level, frequency of shortage, amount of shortage, and amount of lateral transshipment using computer simulations. Their proposed simulation model did not account for future requirements, which may result in retailer shortages after transshipment. In this case, the frequency of shortage, amount of shortage, and total transportation duration increased. Shu (2001) employed supply chain management in the construction industry and developed a minimum inventory model. However, that model deals with steel material inventory, which is insufficient for the needs of precast fabrication. In addition, the model developed by Shu (2001) was executed in a mass production environment that may increase finished goods inventory and expose the fabricator to the impact of variability (Hopp, Spearman 2000) .
The objective of this study is to reduce total material management costs in the supply chain system using a lateral transshipment strategy. The most advantageous strategy is analyzed using computer simulations. The material transshipment strategies analyzed in this study were established by considering material order lead time and the retailer's future demand. The most advantageous strategy is determined according to total supply chain system cost.
Current supply chain management in the precast industry focuses on promoting individual benefits. The literature contains few examples of fabricators applying lateral transshipment strategies to supply chain systems. Construction projects have the characteristics of high price, long duration, a tremendous number of sub-contractors, and complicated interfaces. Although Tagaras (1999) , Banerjee et al. (2003) and Herer and Tzur (2003) proposed several lateral transshipment principles. These models focused on general retailers may not be directly applied in the construction industry. Investigations on transshipment strategy analysis for material sharing are scarce in the construction industry.
1. Review on inventory management and risk pooling 1.1. Supply chain management Supply chain management (SCM) is a series of actions that manage material supply, production manufacturing, material transshipment, and sales of upstream and downstream suppliers. The purpose of SCM is to minimize manufacturing cost and maximize company profits. The American Production and Inventory Control Society (APICS) dictionary defines SCM as:
Supply Chain Management, as the management of the entire value-added chain, from the supplier to manufacturer right through to the retailer and the final customer. SCM has three primary goals: Reduce inventory, increase transaction speed by exchanging data in real-time, and increase sales by implementing customer requirements more efficiently (Fredendall 2001) Ross (1998) regarded SCM as a managerial philosophy that links internal and external partners of the enterprise to create customer value. Cooper (1994) identified SCM as an integrated decision that considers a systematic process from production, delivery, and dispatch. Bloomberg et al. (1998) defined SCM as a logistical method that delivers products from the upstream supplier to the customer.
SCM is a series of methods that effectively integrates the supplier, fabricators, and sales to achieve production optimization (Toktaş-Palut, Ü lengin 2011). The goal is to deliver the right products to the right place at the right time with minimum system cost.
Inventory management
Inventory is an amount of accumulated products used to fulfill future requirements, which can be categorized into periodic, work in process (WIP), safety stock, seasonal, and static inventories (Ko 2010) . Inventory exists for the following purposes (Axsäter 2006) : (1) to reach economics of scale; (2) to balance supply and demand; (3) to specialize; (4) to buffer demand uncertainty and order uncertainty; and (5) to buffer transshipment. Given these purposes, inventory is an idle resource existing for the production life cycle, set for future needs. Ineffective use of inventory is a waste, because its value can be lost through wear and tear, loss, and expiration (Hopp, Spearman 2000) . Inventory is inevitable in enterprises. However, a high inventory wastes operational cost, whereas a low inventory increases reorder cost. Zhang (1992) identified the objective of inventory management as effectively managing stocks. To achieve that goal, the management purpose and objective should be clear, to facilitate applying the appropriate control methods. Inventory typically exists only in normal business activities, for example preparation, production, and sale.
Inventory control methods
The method that reviews inventory affects the inventory-level measurement accuracy. Inventory reviewing methods include two categories: continuous review and periodic review, where (s, Q) and (s, S) are continuous reviews and (R, S) and (R, s, S) are periodic reviews. The following explains these four reviewing methods (Axsäter 2006; Silver et al. 1998) :
(1) (s, Q) method. This method reorders Q amount when the inventory level drops to reorder point s. The advantage of using this method is that it is simple and easy to use. However, because this method is inflexible, it fails to provide sufficient material once the requirement grows larger than Q. This method is frequently used when the demand for a downstream supplier can be predicted.
(2) (s, S) method. When the inventory level meets the reorder point s, the inventory is filled with amount Q to reach level S (i.e. S 0s'Q). The advantage of using this method is that the total cost of managing the inventory is more economical than using (s, Q). However, the calculation process for this method is more complex than using (s, Q). Because ordering Q amount varies, an abundance or shortage occurs when the fabricator inaccurately predicts future demand.
(3) (R, S) method. The (R, S) reorders Q amount to reach inventory level S at every time period R. Precast fabricators frequently use this method when they have specific suppliers. Although this method can be used to track demand trends corresponding with time, the order cost may be increased if R is short. Inventory shortages may also occur before reorder.
(4) (R, s, S) method. This method combines (s, S) and (R, S), which reviews the inventory level at every time period R. When the inventory level drops to s, fabricators reorder Q to reach level S. The benefit of using this method is that fabricators can pre-evaluate the reorder amount according to future requirements. The total cost for using this method is relatively low, if accurately evaluating future requirements.
Lateral transshipment
Lateral transshipment (also known as material sharing) is a concept that reduces system variability by transshipping materials from manufacturers who have sufficient supplies to others starved for materials. The benefits of adopting lateral transshipment include reducing average inventory level, reducing inventory cost, and reducing safety stock level. The following explains recent investigations on material lateral transshipment:
(1) Axsäter (1990b) investigated a two-tier inventory problem between multiple retailers using a central warehouse. Axsäter assumed a fixed-order lead time and the demand obeys a Poisson distribution. That study also constrained lateral transshipment by executing from a central warehouse to a retailer. In the same year, another report (Axsäter 1990a ) extended the two-tier inventory problem to three layers, transshipping materials between retailers. The primary objective of these studies was to reduce material shortages.
(2) Tagaras (1999) regarded that emergency orders require extra cost and time. Tagaras proposed a pooling policy between retailers. Retailers could reduce shortage and inventory costs through sharing inventory resources. Tagaras' risk pooling assumed all retailers used a periodic ordering system. Since that model had not considered emergency orders, retailers could only ask for help from other retailers when they lacked materials. Other retailers transshipped extra inventory to those starved for materials. This policy is called lateral transshipment. Using lateral transshipment, HCs for retailers with extra inventory and shortage costs (SC) for those lacking inventory can be reduced. This concept also reduces emergency order costs. However, Tagaras (1999) did not consider order lead time and the cost for implementing lateral transshipment.
(3) Banerjee et al. (2003) concluded that adopting lateral transshipment could dramatically reduce material shortage risk. Those authors felt that placing emergency orders consumed more cost and time. Their transshipment assumed that retailer demand obeyed a normal distribution. The model developed by Banerjee et al. (2003) used a periodic order system. They analyzed the uncertainty in the supply chain with low demand and high demand using computer simulation techniques. Their research finding was consistent with previous studies, that is lateral transshipment reduces holding, inventory costs, and material shortage risks. However, their study did not consider future requirements after transshipment, which means that inventory shortage may occur after lateral transshipment. As a result, cost, frequency, and transshipment time may be increased using their model.
(4) Herer and Tzur (2003) focused on studying dynamic deterministic demand in the supply chain system. Their research considered factors including procurement cost, TC, and inventory cost. Materials were dispatched using a central inventory control system. Their study found that dynamic multi-supply dispatching is a deterministic problem that can be solved within polynomial time. Herer and Tzur (2003) thus proposed a heuristic algorithm to solve that model.
Research methodology
In order to systematically achieve research objectives, research methodology is elaborated, summarized in Figure 1 . Difficulties encountered in precast fabrication are first surveyed. Potential approaches for overcoming these difficulties are investigated. Supply chain management, inventory control methods, and lateral transshipment theories are reviewed in this step. A supply chain system is then developed to drive the material transshipment. In this activity, uncertain demand of precast fabricator is established. A review policy is determined to monitor inventory level. Lateral transshipment can be launched if it conforms to transshipment policy. Finally, refilling method is analyzed when transshipping materials.
To analyze the most advantageous strategy for material transshipment in the supply chain system, strategy analysis framework is constructed. Which precast fabricator eligible for provider is first selected.
Six strategies are developed according to potentially advantageous transshipment alternatives. The most advantageous strategy is analyzed using simulation technique which is programmed using eM-Plant software with the Simtalk TM language. Finally, feasibility of the developed transshipment analysis model is accessed using precast rebar cases.
Supply chain system
To enable fabricators to implement material transshipment, this study constructs a supply chain framework. The framework consists of a central warehouse with multiple fabricators, explained as follows:
(1) Uncertain demand evaluation. This evaluation assumes that the precast fabricator's demand obeys a normal distribution. To represent uncertain demands in a supply chain system, two kinds of uniform distributions are used. A stable demand with low variability is formulated as D i 90.333D i , whereas an unstable one with high variability uses D i 90.667D i . Only positive demands are considered in this study. Negative demand values are replaced by 0 in the analysis process.
(2) Review policy. This system adopts a periodic review to monitor inventory level and chooses a method for reducing review cost due to repetitive monitoring. Precast fabricators reorder amount Q to reach inventory level S every time interval R (e.g. 30 days), as depicted in Figure 2 .
(3) Transshipment policy. This study defines factories with sufficient inventory for others starved for materials as providers and defines manufacturers starved for materials as receivers. Lateral transshipment will not be executed if receivers can replenish their inventory in the next day. As a result, materials are transshipped to other receivers eager for the material. Transshipment terminates when all receivers have sufficient materials or all providers cannot ship any more materials.
(4) Refilling method. This study uses an orderup-to method to refill stocks, that is a manufacturer i orders amount Q i to reach inventory level S i when reviewing the inventory. Calculation of S i is formulated in Eqn (1):
where d i denotes the expected daily consuming rate of material; R is reorder interval; L represents order lead time; and SS is a minimum safety stock defined in Eqn (2):
where k is a safety factor and d denotes standard deviation of demand. Equation (2) is an empirical function that inventory management frequently uses (Ameli et al. 2009; Manzini et al. 2008) .
(5) Average demand evaluation. Estimation of fabricator i's average demand (D i R) for a review period in N retailers supply chain system is calculated using Eqn (3) proposed by Banerjee et al. (2003) :
ðN À 1Þ Â 100 ðN À 1Þ ;
4. Strategy analysis framework
Provider analysis
The transshipment strategy analysis process is composed of two stages. The first stage critiques whether a manufacturer has sufficient material for others. If any providers exist, appropriate transshipment strategies are analyzed in the second stage. Whether a manufacturer is qualified as a provider is estimated by its demand from the current time point to the next review time point. If the current inventory is sufficient for that interval, the retailer is qualified. Otherwise, providers may become receivers after transshipment. A material shortage can be pre-warned using Eqn (4):
where I j (t) denotes inventory level of the manufacturer j at the time point t. Equation (4) is used to pre-warn the manufacturer j that lacks materials one day after the time point t. If Eqn (4) is true, the retailer needs transshipment. The amount available for transshipment noted as SH j (t) is calculated using Eqn (5):
The next step evaluates whether a manufacturer is qualified as a provider. Equation (6) is used to verify that the manufacturer has sufficient materials for future demands:
Future demand (E[I i (t)]) is calculated using Eqn (7):
where d i )(R'L) is the required amount of material from current time point t to the next refill. If a retailer is qualified as a provider, the amount of material A k (t) is shipped, formulated in Eqn (8):
Transshipment strategy
Lateral transshipment uses shipping materials from fabricators (providers) with sufficient materials to those (receivers) eager for materials. However, materials could be transshipped in many ways, such as randomly selecting providers and receivers, or transshipping materials from the most sufficient providers to those with the most shortage. Determining an appropriate strategy is crucial to successfully implementing lateral transshipment. Axsäter (1990a, b) and Banerjee et al. (2003) proposed priorities for emergency transshipment. Unfortunately, their strategies ignored future demands for the providers themselves. As a result, the providers may fall victim to material shortage after shipment. This study adopts the transshipment strategies proposed by Axsäter (1990a, b) , Banerjee et al. (2003), and Li (2005) by considering future demands and order lead times. The following explains the six transshipment strategies analyzed in this study:
(1) No lateral shipments (NLS). This strategy does not ship materials to any fabricators when material shortages occur, which is regarded as a basis for comparison with those executing lateral transshipments. In this strategy, manufacturers eager for materials refill inventory through periodic review.
(2) Random policy (RA). This strategy randomly selects providers and receivers, as schematically displayed in Figure 3 . Suppose manufacturers i, j, and k are qualified providers, and manufacturers y and z are receivers. This strategy randomly selects j as a provider and randomly selects z as a receiver. If provider j cannot ship materials to receiver z with a sufficient amount, the strategy randomly selects another provider (noted as k in Fig. 3) . The fabricator's future demand is approximated using an average demand.
(3) Make lateral transshipments based on availability priority policy I (TBAPR I). This strategy determines provider and receiver priority based on material sufficient and the shortage amount. Providers with the most sufficient ship materials to those with the most shortage to immediately replenish reserves, 1Á5  1  1  1  1  20  100  Low  2Á1  3  3  3  1  4  1  Low  2Á2  3  3  3  1  9  1  Low  2Á3  3  3  3  1  9  3  Low  2Á4  3  3  3  1  90  10  Low  2Á5  3  3  3  1  20  100  Low  3Á1  3  1  1  1  4  1  Low  3Á2  3  1  1  1  9  1  Low  3Á3  3  1  1  1  9  3  Low  3Á4  3  1  1  1  90  10  Low  3Á5  3  1  1  1  20  100  Low  4Á1  1  1  1  1  4  1  High  4Á2  1  1  1  1  9  1  High  4Á3  1  1  1  1  9  3  High  4Á4  1  1  1  1  90  10  High  4Á5  1  1  1  1  20  100  High  5Á1  3  3  3  1  4  1  High  5Á2  3  3  3  1  9  1  High  5Á3  3  3  3  1  9  3  High  5Á4  3  3  3  1  90  10  High  5Á5  3  3  3  1  20  100  High  6Á1  3  1  1  1  4  1  High  6Á2  3  1  1  1  9  1  High  6Á3  3  1  1  1  9  3  High  6Á4  3  1  1  1  90  10  High  6Á5  3  1  1  1  20  100  High Note: The column ''Number'' is categorized using a combination of the transportation and shortage costs (SC, TRC). Demand variability ''Low'' and ''High'' represents D i 90.667D i and D i 9 0.667D i , respectively. thereby reducing SC. The fabricator's future demand is estimated by an average demand. Using Figure 4 as an example, the horizontal lines denote the sufficiency and shortage levels for the provider and receiver, respectively. Applying this strategy, manufacturer j, who has most sufficiency, is determined to ship material to manufacturer z, who has the most shortage. After the first shipment, manufacturer i becomes a new provider and manufacturer y becomes a new receiver. The transshipment repeats until reaching the termination condition. The process is summarized as follows:
Step 1: Material sufficiency is ranked from high to low (A [1] 
, and material shortage is ranked from high to low (SH [1] 
Step 2: Calculate the amount available for shipment using Eqn (9):
Step 3: Ship the material if the receiver cannot replenish the required materials by the next day; and
Step 4: Return to step 1 if A [1] (t))SH [1] (t) !0, otherwise terminate the transshipment process.
(4) Make lateral transshipments based on availability priority policy II (TBAPR II). Another strategy for reducing material shortage impact is to ship material from those with the greatest material sufficiency to those with the most exposure to shortage. This strategy reduces transshipment frequency, and the manufacturer's future demand is estimated using the same method as TBAPR I and RA. Using Figure 5 as an example, at the first transshipment, manufacturer j, who has the most sufficiency, is selected to ship material to manufacturer y, who has the greatest shortage exposure. After the first shipment, manufacturer i becomes a new provider and manufacturer z becomes a new receiver. Transshipment terminates when all receivers have sufficient materials or all providers cannot ship any more materials. The following four steps summarize the process:
Step 1: Rank material sufficiency from high to low and material shortage from low to high (SH [1] Step 2: Calculate the shipment amount using Eqn (9);
Step 3: Ship the material if the receiver cannot replenish the required materials by the next day and;
Step 4: Return to step 1 if A [1] (t) )SH [1] (t) !0, otherwise terminate the transshipment process.
(5) Make lateral transshipments using the inventory equalization policy (TIE). This strategy enhances overall supply chain system efficiency. TIE determines the fabricator's sufficiency by considering the system demands and inventories. This policy redistributes stocks to match the ratio of average demand for each retailer whenever there are retailers with less than desirable stock levels. The TIE policy is also a proactive policy based on the inventory balancing or equalization concept through stock redistribution. Equation (10) formulates the expected equalized inventory level for manufacturer i for TIE. If the actual inventory level for manufacturer i is more than the expected equalized inventory level, manufacturer i becomes a provider. Conversely, manufactures are receivers if their actual inventory level is less than the expected equalized level. After determining providers and receivers in the supply chain system, TIE ships materials from providers with the most sufficiency to those with the greatest shortage. The transshipment procedure is the same as TBAPR I.
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Transshipment policy analysis model
Computer simulation was used to analyze the most advantageous transshipment strategy for the supply chain system. This research developed the simulation using eM-Plant software with the Simtalk TM language. Different-sized supply chain systems were constructed in the simulation. This study assumes that a central warehouse periodically ships materials to fabricators. The computer simulation analyzes the total cost, shortage amount, transshipment frequency, and inventory level. Figure 6 displays the simulation process, implemented on a day-by-day basis and terminated when the program reaches the assigned period. This process also represents the logic flow of analyzing transshipment strategies. The total cost for the supply chain system (noted as TC) includes transportation (TRC), holding (HC), and SC, represented in Eqn (12):
where i and j are different fabricators in the supply chain system. Note that the present work considers external supply (from the original suppliers) besides the transshipments to cover fabricators demand. The proposed supply chain framework can also be applied to different precast fabrication materials (such as rebar, cement, gravel, sand, pre-stressing cables, and tendons, etc.) simultaneously. Costs for different materials can be represented using individual cost equation shown in Eqn (12).
Experiments

Design of experiments
To verify feasibility of the developed transshipment policy analysis model, this research used precast rebar cases to test the model. The specifications for rebar material used in precast fabrication are dissimilar to those cast on sites. As a result, reordering lead time is longer than that for the general rebar used at construction sites. The input data were generated from a hypothetical scenario to create a comprehensive data set. Therefore, the developed transshipment model can be thoroughly tested. This experiment considered four factors, that is demand variability, multi-manufacturer systems, order lead time, and costs to approximate real situations. Uniform is one of the most frequently used distributions to represent the variability (Banerjee et al. 2003; Hines et al. 2003) . Normal distributions were thus used to model the demand variability. Two kinds of uniform distributions were used in this experiment. The first was high demand variability (D i 90.667D i ) and the second was low demand variability (D i 9 0.333D i ). Experiments with three, five, and nine manufacturers systems were used to examine the impact of supply chain system size. Three combinational order lead times corresponding to manufacturer systems were simulated. For the three manufacturers' supply chain system, the order lead times were L 1 03 and L 2 0L 3 01. For five manufacturers' system, L 1 0L 2 03 and L 3 0L 4 0L 5 01. For the nine manufacturers system, L 1 0L 2 0L 3 0L 4 0L 5 03 and L 6 0 L 7 0L 8 0L 9 01. Total cost in this study included holding, transportation, and SCs. In practice, HC is relatively less than shortage and TCs. As a result, HC was fixed as one per unit in this study. Five combinations of the shortage and TCs were used to experiment with the impacts of shortage and transportation costs together with the HC (SC, TRC), that is (4, 1), (9, 1), (9, 3), (90, 10), and (20, 100). These combinations provide opportunities with relatively small and relatively large shortage and/or transportation costs. The simulation experimented with 90 combinations (2 )3 )5 )3) of situations. Table 1 illustrates the parameters used for the three manufacturers.
Simulation results
The simulation implemented each multiple manufacturer system 300 times in 20-day periodic reviews. The simulation result trends for five and nine manufacturers were similar to that for the three retailers. This study therefore only demonstrated full results for the three manufacturer system. Table 2 shows the total costs average for the three manufacturers. Tables 3Á5  display the shortage amount, transshipment frequency, and inventory level, respectively.
Discussion
This research evaluated the most advantageous strategy using the total cost shown in Eqn (12), comprised of transportation, holding, and SCs. Simulation results in Table 2 show that TBAPR I outperforms the other strategies whether demand variability is high (see numbers 4Á1Â4Á4, 5Á1 Â5Á4, 6Á1 Â6Á4) or low (see numbers 1Á1Â1Á4, 2Á1Â2Á4, 3Á1Â3Á4). In the same table, the strategy also outshines the others in different order lead times (see numbers 3Á1 Â3Á4, 6Á 1 Â6Á4). The transshipment total cost priority rank is TBAPR I, MA, TBAPR II, TIE, RA, and NLS. From Table 2 , the total cost increases with the order lead time because the order lead time increases the inventory level and thus raises the HC (see numbers 2Á1Â2Á5, 5Á1 Â5Á5). But the NLS strategy surpasses TBAPR I when the transportation cost is more expensive than the shortage cost (see numbers 1Á5, 2Á5, 3Á5, 4Á5, 5Á5, 6Á5). In this situation, waiting for the next refill is more beneficial for retailers implementing lateral transshipment. The TBAPR I strategy induces minimum cost, which can also be observed from the material shortage amount (see Table 3 ) and inventory level (see Table 5 ). In Table 4 , this strategy has the most frequent transshipment, providing manufacturers with opportunities to balance the supply chain system. The simulation results for three, five, and nine multi-retailer systems obey the same trends. The strategy priority for different multiple retailer systems is also the same, showing that the size of the supply chain system has less influence on transshipment strategy selection. However, the shortage amount for the three manufacturer systems is higher than that for the five manufacturer systems, higher than that for nine. A reasonable explanation is that supply chain size influences the shortage amount, enhancing transshipment agility by a greater number of manufacturers. Four operational rules are developed based on the above simulation results. These rules may provide an easy-to-use procedure for precast fabricators to make transshipment decision when lack materials: Rule 1: If transshipment lead time is longer than reorder lead time, lateral transshipment is not required;
Rule 2: Providers should consider future demand and only transship extra materials;
Rule 3: Providers with the most sufficient ship materials to those with the most shortage to immediately replenish reserves;
Rule 4: Transportation, holding, and SCs have a crucial impact on transshipment decision.
Conclusions
This study developed a framework for applying lateral transshipment to precast construction. A central warehouse with multiple precast fabricators was simulated in this study. To eliminate imminent shortage, the developed framework transships materials from fabricators with sufficient supplies to others starved for materials. This research analyzed six strategies considering uncertain demand, diverse order lead time, and the scale of supply chain systems. Simulation results show that the TBAPR I strategy induces minimum inventory and material SCs when implementing lateral transshipment. Previous studies in multi-echelon supply chains have highlighted that lateral transshipment reduces both inventory and SCs. However, this study found that lateral transshipment is not always beneficial in the construction industry where it is more appropriate for fabricators located in nearby areas. The simulation results also showed that longer order lead time increases total cost. For a larger multiple manufacture supply chain system, a greater number of fabricators participating in the corporate system enhances the amount of material shortages that can be reduced. Four operational rules developed based on these simulation results may provide precast fabricators with a quick procedure to make transshipment decisions without complex computer simulations.
This research suggested that precast fabricators mitigate the material shortage risk and decrease inventory cost based on a supply chain framework. However, successful application cannot be achieved without benefit sharing and managerial operations, which can be studied in the future. Moreover, in addition to the transshipment strategies analyzed in this paper, more rules can be developed specifically for the needs of fabricators. A web-based inventory management system can also be developed for allied precast fabricators to understand the real-time inventory status in the network.
